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INTRODUCTION
Legumes are an important source of nutrition in developing countries [1] and in vegetarian diets. Lentils are leguminous crops that are excellent sources of protein, carbohydrate, fiber, minerals, and nutrients. [2] They are rich in lysine, [3] and, thus, are invaluable supplements in cases of diets with a reduction in protein from animal sources. Extrusion is a high temperature short time (HTST) process used to cook starchy and proteinatious materials. Cooking extruders allow working with a wide variety of raw materials and their mixtures at a wide range of moisture (10-40%) and temperature (50-200 • C). Extrusion cooking of cereal flours cooked into expanded snack products is well-documented, [4] [5] [6] [7] [8] [9] [10] [11] but extrusion of starchy legumes has been studied to a lesser extent. Chickpeas, a variety of beans and their mixtures, peas, cowpeas, sorghum, and legume blends, [12] [13] [14] [15] have been extruded, but there are very few studies on lentils (Lens culinaris-red). [16] [17] [18] Effective starch gelatinization occurs at the right temperature-moisture contentmechanical energy input combination. [19] Starch gelatinization decreases at high screw speeds due to low residence times. Gelatinized starch undergoes molecular degradation (dextrinization) at low screw speeds due to excessive mechanical energy input. [20] Moisture 
Extrusion Cooking
A counter-rotating, twin-screw extruder (Brabender DSE 35/12D; Brabender ® GmbH & Co. KG, Düsseldorf, Germany) with an L/D = 12/1, a nozzle diameter of 4 × 10 −3 m and a feeding screw speed of 35 rpm was used. The feed rate was 5 × 10 −4 kg/s. Extrudates were dried overnight at 45 • C down to 4-5 kg moisture/100 kg.
Analysis of Extrudates
Degree of gelatinization (DG). The method used [28] was based on spectrophotometric (Pharmacia LKB Novaspec II, Upsala, Sweden) determination of the iodine-amylose complex released upon starch gelatinization. Results reported were the arithmetic average of five measurements for each batch and the COV < 5%.
Insoluble protein fraction (DPI). Protein solubility was determined according to the method suggested by Vani and Zayas. [29] Insoluble protein fraction was calculated as:
weight of soluble protein in the extrudate weight of protein in the feed .
Results reported were the mean of five measurements for each batch and the COV < 5%. Degree of lipid complexation (DLC). Chemical complexes formed by interaction with lipids were quantified by determining the lipids available for petroleum ether extraction [30] before and after extrusion. Extrudate samples used in this analysis were ground to a fine particle size. DLC was calculated as:
lipid content of the extrudate lipid content of the feed .
Results reported were the mean of five measurements for each batch and the COV < 5%. Cutting strength (CS). Cutting strength was measured by a Universal Testing Machine (Instron Model 1140) equipped with a cutting device and 50-kg load cell. Results reported were the arithmetic mean of ten replicates for each batch and the COV < 5%.
Expansion ratio (ER) and cell size. Extrudate diameters were measured by digital calipers and ER was calculated as:
diameter of the extrudate diameter of the extruder die .
Results reported were the mean of ten measurements for each batch and the COV < 5%. Details of the method, equipment, and software used for image analysis were described elsewhere. [31, 32] Four to six sections from each batch were analyzed. Histograms represent 100-130 cells.
RESULTS AND DISCUSSION
Effect of molecular interactions on extrudate properties was investigated using a 5-variable, 5-level CCD scheme ( Table 2 ). Effects of feed composition and extrusion conditions were interpreted according to a second order model (SYSTAT 13, SigmaPlot 11; Systat Software Inc., Chicago, IL, USA) given as:
where Y is the measured variable (response), X's are the experimental variables (factors), and b's are the regression coefficients (Table 3 ). Individual optima for each of the responses were evaluated from the simultaneous solution of the first derivative of the response equation (Eq. 4) with respect to its factors. Then, the general process optimum was evaluated by substituting the optimum values of individual responses into their respective equations, and solving this system of equations simultaneously (Mathcad 14.0; PTC, Needham, MA, USA).
Molecular Interactions
DG was the functional property most highly correlated with the feed composition and extrusion conditions (R 2 = 0.93) (Figs. 1a-1c). Moisture and lipid contents of the feed mixture, and cooking temperature had significant linear effects (p ≤ 0.01) on DG. DG increased with increase in cooking temperature and moisture content, whereas DG decreased with increase in lipid content (Figs. 1a-1c). Highest DG was 0.79 (Table 2) , and was comparable with those of corn extrudates ( Table 4 ). The feed mixture corresponding to DG = 0.79 had high moisture content (16.3%) and low lipid content (2.2%), and was worked at a high cooking temperature (179 • C). It seems that low lipid levels offered protection against molecular degradation (dextrinization) of gelatinized starch by acting as a lubricant, reducing shear.
The cooking temperature required to obtain DG = 0.79 was higher than reported in the literature; while the moisture content was relatively lower (Table 4 ). A wide range of cooking temperatures has been reported for legumes, but extrusion cooking studies on lentils are rare. Temperatures reported by Lazou and Krokida [16] were the highest reported for legumes (Table 4 ). DG = 0.76 was obtained at a cooking temperature of 165 • C and a moisture content of 24% in a study [33] conducted to find the moisture content-cooking temperature combination that would maximize DG (Table 4 ). Viscoamylographs (Fig. 2 ) Alex et al. [42] Corn starch Chaiyakul et al. [37] Rice flour (71 kg/100 kg) Soy grits ( Altan et al. [43] Barley flour 175 20.5
Not reported 1.9-2.2
Ruiz-Ruiz et al. [39] Maize Chavez-Jauregui et al. [44] Amaranth flour Gomez and Aguilera [33] Corn starch 
Not reported
Batistuti et al. [45] Chickpea flour 130 13 Not reported 3.5
Falcone and Phillips [46] Cowpea-sorghum flour 175 20
Not reported
1.42
Chinnaswamy and Hanna [47] Corn starch 140 14
Not reported 4.0
Bhattacharya and Hanna [48] Corn starch showed that lentil starch had a high degree of crystallinity. Thus, its gelatinization was expected to occur at higher temperatures than corn starch. DLC correlated well (R 2 = 0.90) with the feed composition and extrusion conditions ( Figs. 1d-1f) . A decrease in DG with increasing lipid content (>2.2%) ( Figs. 1a-1c ) indicated that the lipid fraction readily interacted with gelatinized starch. The amylose component of gelatinized starch is known to interact with lipids. [34] This interaction can be either due to physical entrapment or to formation of chemical complexes. [35] In the present study, DLC was measured on the basis of extractable lipids. If the interaction were physical, DLC values would have been practically constant (Eq. 2) since inclusion complexes formed due to physical entrapment would readily be extracted. However, DLC values varied to a great extent (Table 2) , indicating chemical interaction between lipids and gelatinized starch.
Significant correlation (p ≤ 0.01) between DG and DLC suggested that the conditions that favored starch gelatinization also enhanced chemical interactions. This was because the lipids underwent chemical interactions both with the amylose fraction of gelatinized starch and with the hydrophobic groups of denatured proteins. Thus, there was a competition between the gelatinized starch and the denatured proteins for the available lipid fraction. Also, lipid-amylose interaction was due to non-covalent bonding, thus was unstable at high temperatures. [36] Therefore, the contribution of the amylose-lipid complex to extrudate structure depended on stabilization upon the drop in temperature during expansion to atmospheric pressure at the die exit.
Interactions between moisture content-cooking temperature and lipid contentcooking temperature had the most significant effects on DLC (p ≤ 0.01). Highest DLC was 0.65 and corresponded to the conditions for highest DG (0.79) ( Table 2) . Highest DLC was obtained at high moisture content-high cooking temperature, and low lipid content-low protein content; while lowest DLC was obtained at low moisture contenthigh cooking temperature and high lipid content-high protein content (Figs. 1d-1f ). Low moisture content caused a drastic decrease in DLC. Shear degradation was expected to be more effective at low moisture contents, thus, exposing the unstable amylose-lipid complex to the combined effect of higher shear and heat. Lowest DG (0.48) and DLC (0.31) were obtained for a feed mixture with relatively high lipid content ( Table 2 , Fig. 1 ) in addition to low moisture content. High lipid content might have restricted adequate cooking due to over-lubrication. [26] There is limited literature on lipid binding during extrusion cooking of legumes. Oil absorption index was measured for corn-lentil extrudates. [16] Oil absorption index is a measure of the capability of the extrudate to form the amylose-lipid inclusion complex. Lipid extraction performed in the present study was a measure of chemically bound lipids that could not be recovered by extraction. Thus, the DLC of the present study could not be compared with Lazou and Krokida [16] due to the difference in methodology. Lipid complexation studies on various starches and corn meal revealed varying degrees of complex formation (DLC = 0.40-0.70) depending on extrusion conditions (50-165 • C cooking temperature, 20-30% moisture content). [35] Therefore, DLC in the range of 0.31 to 0.65 were in accordance with the literature except for higher cooking temperatures (165-185 • C) and lower moisture contents (12-18%) characteristic to lentil flour extrusion.
DPI also correlated well (R 2 = 0.89) with the feed composition and extrusion variables ( Figs. 1g-1i ). Denatured proteins tend to cross-link or tend to form hydrophobic bonds with the lipid fraction and exposed hydrophobic parts of gelatinized starch. The overall effect was a decrease in protein solubility. [23, 24] Lipid and moisture contents of the feed mixture had significant linear effects (p ≤ 0.01) on DPI. DPI increased with an increase in moisture content, and decreased with an increase in lipid content (Figs. 1g-1i ). Highest DPI was 0.67 (Table 2) , and it occurred at similar conditions with DG and DLC except for a higher protein content (19.3% ). An increase in protein content was expected to increase DPI, since more proteins were denatured. However, although DG was not affected to a great extent, DLC decreased drastically at highest DPI conditions ( Table 2 , Figs. 1c-1e ). As proteins became more abundant, they preferentially formed chemical complexes with the abundant starch fraction over the unstable amylose-lipid complex. Abundance of proteins was expected to increase protein cross-linking, and thus to increase DPI. Slight decrease in DG, upon increase in protein content was due to high water absorption capacity of proteins, leaving less water for starch gelatinization. [37] There is limited information on water solubility index of legume extrudates, [16] and practically no data on protein solubility is available. Water solubility index increases with starch gelatinization. However, in the case of starch-protein blends, starch gelatinization is expected to increase water solubility, while protein denaturation is expected to decrease water solubility. Thus, it is very difficult to interpret water solubility results for starchprotein blends. A maximum DPI of 0.50 at 17% feed moisture content and 110 • C cooking temperature for extrusion cooking of a corn starch-whey protein mixture was reported. [38] In the present study, 0.58 < DPI < 0.67 ( Table 2 ) was obtained at comparable moisture content (16.3%), but higher temperature (179 • C). Lentil proteins may initially have had a more cross-linked structure than whey proteins, and may have partly kept their structure upon extrusion cooking.
Significant correlation (p ≤ 0.01) between DG and DPI was as expected (Table 5) , since conditions that favor starch gelatinization also enhance protein denaturation. However, the correlation between DLC and DPI was insignificant. This, again, showed the preference of formation of protein-starch complexes over the amylose-lipid complex. This also showed that proteins were reluctant to form chemical complexes with lipids.
Extrudate Structure
ER was the structural property that most highly correlated with the feed composition and extrusion conditions (R 2 = 0.89). Linear effects of lipid content, and cooking temperature, and also lipid content-cooking temperature interaction had the most significant (p ≤ 0.01) contributions on ER (Figs. 3a-3c ). A high significant correlation (0.75) between ER and DG showed that adequate starch gelatinization and protein denaturation also led to adequate expansion (Table 5 ). Significant positive correlation between ER-DLC and ER-DPI indicated chemical interactions between protein-starch and lipid-amylose support and stabilize extrudate structure upon expansion to the atmospheric pressure. The correlation coefficient between ER and DPI was 0.51 (Table 5) . This was because, denatured proteins also tended to cross-link among themselves besides forming chemical complexes with gelatinized starch. These strong covalent bonds were expected to inhibit expansion. [23, 24] The role of cooking temperature on ER seemed to be more important than the effect of moisture content. This showed that cooking temperature was the limiting factor with respect to the formation of stabilizing complexes as long as the moisture and lipid contents were suitable for starch gelatinization and protein denaturation. Highest ER was 5.9 and corresponded to the conditions for highest DG and DLC (Figs. 3a-3c, Table 2 , Fig. 4a ). Factors influencing high ER can be summarized as: lubricating effect of limited amount of lipids ( Figs. 4a and 4b) ; stabilizing effect of amylose-lipid and protein-starch complexes (Figs. 4a and 4c ). Increasing moisture content ( Fig. 4d ) and decreasing cooking temperature to their extreme values ( Fig. 4e ) led to a decrease in ER. Extreme moisture contents caused an undesired lubricating effect that hindered adequate cooking. [39] A decrease in cooking temperature also caused inadequate superheating. [37] Unexpanded products were obtained when the feed mixtures with high lipid and protein contents were extruded at high cooking temperature and low moisture content (Fig. 4f) . Reasons for such an unexpanded product can be summarized as: extensive lubrication due to high lipid content; high demand for water of hydration by the protein fraction that hinders starch gelatinization; shear degradation due to low moisture content and high cooking temperature; and considerable cross-linking due to high protein content and high cooking temperature.
CS is a measure of cell wall strength as an indirect implication of crispiness. [38] CS correlated highly with the feed composition and extrusion conditions (R 2 = 0.88). Linear effects of cooking temperature, lipid and protein contents had the most significant (p ≤ 0.01) contributions on CS (Figs. 3d-3f ). [40] Cell wall strength increased with increasing lipid and protein contents and decreased with increasing cooking temperature. Thus, adequate cooking conditions resulted in low strength of the cell walls. In order of magnitude, protein content of the feed mixture made secondary contributions on DG, DLC, DPI, and ER (response equations in Figs. 1 and 3a) , but it made a major contribution on CS (Fig. 3b ). This was because, cross-linking of proteins became more likely. These strong chemical bonds were expected to increase cell wall strength. [23] High significant correlations between CS-DG and CS-ER (Table 5 ) showed conditions that promoted expansion also led to the formation of cell walls with less strength, in general. The extrudate with the highest ER (5.9) (Fig. 4a ) had a mean cell size of 14. 1 mm 2 (0.75 mm 2 ≤ cell size ≤ 109.5 mm 2 ) ( Figs. 5a and 5b) , and also had low CS ( Table 2 ). On the other hand, the extrudate with minimum protein content ( Table 2 , axial point), higher lipid content and processed at a lower cooking temperature had similar CS, although less expanded ( Table 2 ). That extrudate had lower ER (2.9), and was characterized by a mean cell size of 0.24 mm 2 (0.03 mm 2 ≤ cell size ≤ 3.02 mm 2 ) ( Figs. 5a and 5c ). Qualitatively, lesser expanded sample had thicker cell walls ( Figs. 5b and 5d ). Also, cell size distribution data showed that the lesser expanded samples were formed of cells an order of magnitude smaller than the samples with highest ER (Figs. 5a and 5c ). This showed that chemical complexes that support extrudate structure during expansion at the die exit are able to prevent collapse in spite of thin cell walls.
The contributions of screw speed to all the responses were found to be less significant than the feed composition variables and the cooking temperature (response equations in Figs. 1 and 3 ). However, screw speed extremes led to unexpanded products (axial points in Table 2 ). Very high screw speeds did not allow enough processing as a result of insufficient residence time, whereas very low screw speeds caused molecular degradation due to exposure to high shear for a long time.
Process Optimization
Response surfaces ( Figs. 1 and 3) showed that a product with comparable expansion characteristics given in the literature (Table 4 ) was obtained by minimization of CS and maximization of ER; as a result of maximization of DG and DPI, and minimization of DLC. Numerical maximization of DG (Table 6A) showed that starch gelatinization could be maximized (DG = 0.83) by decreasing the amount of lentil flour in the feed mix from 58% (db) to 45% (db), increasing the amount of corn starch from 41% (db) to 53% (db), and by working the feed mixture at a higher cooking temperature (Table 6A ). These conditions are in relevance with the above findings indicating that decreasing the amount of proteins competing with starch for the water of hydration will increase DG. Increasing the cooking temperature will enhance gelatinization of lentil starch that is characterized by higher crystallinity. General process optimum numerically evaluated by considering the simultaneous effects of DG, DPI, and DLC on ER and CS indicated that an intermediate moisture content (15%) and relatively high cooking temperature (178 • C) would allow DG = 0.70 and ER = 3.7 (Table 6B ) comparable with a wide range of extrudates reported in the literature (Table 4 ). Feed mixture required for such a product contained 67% lentil flour (db), 30% corn starch (db), and 3% corn oil (db). The optimum product was reproduced and found to have a mean ER of 3.79. This indicated that lentil flour in the feed mixture could be increased unless at the expense of ER. But, it is possible to obtain a product made predominantly of lentil flour as long as ER remains in an acceptable range for extrudates reported in the literature (Table 4 ).
CONCLUSIONS
A snack food with an expansion ratio of 3.7-3.8, comparable with extrudates reported in the literature, was obtained upon extrusion cooking of a mixture containing 67% lentil flour (db), 30% corn starch (db), and 3% corn oil (db). Thus, lentil flour has a high potential of being used for the production of novel, extruded, snack-foods. Processing by extrusion cooking will allow an increase in the added value of the lentil crop which is, in general, available for home cooking. Such a product could be used as a supplement in vegetarian diets and also in the case of diets aimed at reduction in protein from animal sources.
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